Introduction Medical advances over the last several decades, including CNS prophylaxis, have greatly increased survival in children with leukemia. As survival rates have increased, clinicians and scientists have been afforded the opportunity to further develop treatments to improve the quality of life of survivors by minimizing the long-term adverse effects. When evaluating the effect of antileukemia therapy on the developing brain, magnetic resonance (MR) imaging has been the preferred modality because it quantifies morphologic changes objectively and noninvasively. Method and results Computer-aided detection of changes on neuroimages enables us to objectively differentiate leukoencephalopathy from normal maturation of the developing brain. Quantitative tissue segmentation algorithms and relaxometry measures have been used to determine the prevalence, extent, and intensity of white matter changes that occur during therapy. More recently, diffusion tensor imaging has been used to quantify microstructural changes in the integrity of the white matter fiber tracts. MR perfusion imaging can be used to noninvasively monitor vascular changes during therapy. Changes in quantitative MR measures have been associated, to some degree, with changes in neurocognitive function during and after treatment. Conclusion In this review, we present recent advances in quantitative evaluation of MR imaging and discuss how these methods hold the promise to further elucidate the pathophysiologic effects of treatment for childhood leukemia.
Introduction
With improved treatment outcome in children with cancer, current emphasis is placed on the survivors' quality of life, including neurocognitive function. Acute lymphoblastic leukemia (ALL) is the most common childhood cancer, affecting 2,400 children annually in the United States. The 5-year event-free survival estimate for pediatric patients with ALL is approaching 90% [1] . Methotrexate (MTX) given intravenously (IV-MTX) at a high dose decreases the likelihood of hematologic, testicular, or central nervous system (CNS) relapse. However, MTX has a substantial toxic effect on the CNS and can lead to severe neurologic morbidity. Leukoencephalopathy (LE), which is seen as white matter (WM) hyperintensity on T2-weighted magnetic resonance (MR) images (as seen in Fig. 1 ), is the most common manifestation and may be either persistent or transient [2] . The frequency and severity of LE depends on MTX dose, cumulative exposure, or other clinical variables.
Treatment for pediatric ALL must include treatment of the CNS to eradicate occult CNS leukemia. Historically, the most common methods of CNS prophylaxis include intermediate-to high-dose IV-MTX, with or without cranial or craniospinal irradiation. More recently, efforts to eliminate irradiation from the treatment of ALL and thus prevent adverse neurologic and neuropsychologic effects have prompted the use of more intensive CNS-directed chemotherapy. Some researchers have argued that MTX in high doses may protect the CNS in some circumstances [3] . However, IV-MTX therapy in high doses is associated with neurotoxicity and that MTX-induced neurotoxicity is a clinically relevant problem in pediatric oncology.
We review here the pathophysiology caused by chemotherapy for childhood ALL. We also summarize the evolution of MR imaging and discuss the contemporary MR imaging methods used to evaluate the adverse neurologic and neuropsychologic effects experienced by pediatric patients being treated for ALL and by long-term survivors of the disease.
Pathophysiology
MTX can induce reversible LE by inhibiting the turnover of myelin lipids and proteins. This inhibition results in intramyelinic splits and intralamellar formation of vacuoles in which interstitial fluid can accumulate [4] . The plasma concentration of homocysteine (or homocysteic acid) may be related to IV-MTX treatment, neurotoxicity, or both [5] . One possible mechanism of this relationship is a relative deficiency in methylene tetrahydrofolate reductase, which predisposes children to hyperhomocysteinemia [6] , and has been hypothesized to predispose them to IV-MTX neurotoxicity [7] . The resulting inhibition of myelin turnover and increase in free water content would greatly affect both the T1 and the T2 relaxation times of the tissue, and such effects would change the contrast on the image. This effect is demonstrated in Fig. 2 for both conventional T2-weighted imaging and quantitative maps of T1 and T2 relaxation times.
The mechanisms of ALL treatment-induced neurotoxicity remain unclear. Damage to two components of the CNS, i.e. oligodendrocytes and the vasculature, may contribute to the atypical development of WM volume in childhood ALL survivors. Iron contained in oligodendrocytes plays an important role in myelogenesis and the maintenance of the myelin sheath [8] , and proton magnetic relaxation times vary as a function of iron concentration [9] . Atypical WM volume development and WM hyperintensities observed in previous studies could be explained by demyelination, which is caused by damage to oligodendrocytes. This explanation is consistent with the destruction of oligodendrocytes observed over 30 years ago by Smith who conducted a post-mortem study of patients with leukemia treated with MTX [10] .
Ischemia, which is induced by damage to the microvasculature, is another possible mechanism for atypical WM volume development. MTX inhibits dihydrofolate reductase, which is an enzyme involved in the biosynthesis of folic acid coenzymes; therefore, MTX reduces folate. A reduced folate concentration results in an elevation of the level of homocysteine, which is toxic to the vascular endothelium and may induce ischemic side effects [7] . This mechanism is consistent with the hyperintensities observed in patients during antileukemia therapy. Hyperintensities have been observed in deep WM, extend from the frontal and occipital lobes to the subcortical nuclei and superior longitudinal fasciculus. The deep WM is most vulnerable to ischemic changes because of the sparse vascularity in that region [11] . The corresponding quantitative T1 relaxation map is shown on the right. T2 relaxation rates in the T2 hyperintense regions are 20-60% longer than the surrounding normal-appearing white matter. The regions of greatest T2 relaxation change demonstrate T1 relaxation rates which are 25% longer than the surrounding normal-appearing white matter. Other regions of T2 hyperintensity which are clearly visible on the T2 relaxation map are indistinguishable from normal-appearing white matter on the T1 relaxation map Images from left to  right are T1-weighted, T2-weighted, PD-weighted, and  FLAIR. T2 hyperintensities are  clearly evident throughout the  periventricular and deep white  matter MTX is not the only drug used in the treatment of ALL which can have an affect on the morphology of the developing brain [12] . Other drugs such as asparaginase may produce deficiencies of antithrombin III, plasminogen, and fibrinogen which could result in cerebrovascular disease, especially venous sinus thrombosis. Corticosteroids, used extensively in the treatment of ALL, also have a pronounced effect on cerebral morphology, resulting in transient cortical atrophy as evidenced by the widening of the sulci accompanied by increases in the volume of cortical cerebrospinal fluid (CSF).
Early attempts to quantify imaging changes
Before 1990, computed tomography (CT) examinations were used to investigate LE in patients with ALL who were treated with intrathecal MTX (IT-MTX) and radiation [13] [14] [15] [16] [17] . These early studies used quantitative measures of ventricular size and WM density as well as qualitative assessment for intracranial calcifications to determine the prevalence of LE in their patient populations. The prevalence of LE ranged from 9% to 35% (median 22%), depending on when the evaluations were performed. After completion of therapy, prevalence typically increased substantially, ranging from 16% to 69% (median 35%) [13] [14] [15] [16] [17] . We did not include the study by Chu et al. [18] in these reported ranges, because that study included only three subjects. Although CT examinations are still used in some institutions, they are increasingly being replaced by MR imaging [18] [19] [20] [21] [22] [23] [24] .
In contemporary protocols, efforts to avoid the adverse neurologic and neurocognitive effects have prompted the reduction or elimination of radiation and the intensification of IT and IV chemotherapy [4, 15, [17] [18] [19] [21] [22] [23] [24] [25] [26] [27] . In these studies, many patients were evaluated by MR imaging. Once again, the prevalence of LE varied according to the time of evaluation: at baseline and at the beginning of consolidation chemotherapy, prevalence was 0%; during therapy, 18% to 76% (median 38%); and after completion of therapy, 5% to 53% (median 20%). Because of differences in diagnostic imaging and systemic and IT chemotherapy, the prevalence of LE in patients treated on early protocols and those treated on contemporary ones cannot be meaningfully compared.
IV-MTX therapy, like irradiation, has been associated with acute and chronic neurotoxicity. However, interpreting the results of clinical studies is complicated by the variation in systemic MTX exposure [14, 16, [28] [29] [30] . Acute events associated with IV-MTX, with or without irradiation, include seizures and transient neurologic abnormalities such as focal sensorimotor deficits, and acute mental status changes occur in 5% to 10% of patients [31] [32] [33] [34] [35] . In the large Pediatric Oncology Group (POG) 9005 study approximately 8% of patients experienced acute clinical neurotoxicity after IV-MTX treatment alone; 75% of those patients with symptoms of neurotoxicity had qualitative MR imaging evidence consistent with a diagnosis of LE [27] .
Most recent protocols that have included IV-MTX treatment have routinely used MR imaging to qualitatively evaluate neurotoxicity. In these studies, the degree of LE was rated on a subjective grading scale. Some studies [4, 18, 23] used a variant of the original scale proposed by Wilson in 1991 [25] . In these studies, grade 0 indicated a normal examination, grade 1 corresponded to mild changes that did not extend to the gray matter-WM (GM-WM) junction (0-25% WM involvement), grade 2 indicated moderate changes extending to the GM-WM junction (25-50% WM involvement), and grade 3 was reserved for severe changes that involved the GM-WM junction and were continuous throughout the centrum semiovale (more than 50% WM involvement).
Other early studies only classified neuroimaging of patients as normal, probably abnormal, or definitely abnormal, and did not assess the extent of WM involvement [20, 24] . None of these early studies evaluated intra-and interobserver variance. This subjective grading precluded the across-study comparison of therapy-induced LE and did not provide any continuous measure of the intensity or extent of LE as a function of other influential factors.
Computer-aided detection of leukoencephalopathy
There are no universal guidelines to differentiate subtle LE from normal developmental changes. LE can vary in duration, extent, and intensity. Although focal lesions are easily identified, subtle changes often do not have distinct boundaries with the normal-appearing WM, especially the normal terminal zones of myelination. Unmyelinated WM regions are also slightly hyperintense on T2-weighted images [36] , an important consideration in a patient population with a peak age at diagnosis between 2 and 5 years [37] . Therefore, these MR properties make reliably identifying subtle therapy-induced LE in children treated for ALL a challenging task. In 2006, we reported the feasibility of developing a computer-aided detection (CAD) tool to assist in identifying therapy-induced LE in young children during therapy for ALL [38] . We used a neural network segmentation algorithm based on a Kohonen SelfOrganizing Map (SOM) to analyze a combined MR imaging set consisting of T1-weighted, T2-weighted, PDweighted, and FLAIR images and proportional volume maps (from a spatially normalized atlas) showing WM, GM, and CSF. The segmented maps were manually classified to identify the most hyperintense WM region and the normal-appearing genu region. Signal intensity differences that were normalized to the genu within each examination were generated for four time points in 228 children. We combined the differences in signal intensity from these regions on multispectral MR imaging sets with age at examination to provide a possible quantitative measure for decision making. A second SOM was then trained on examinations performed at baseline and applied to all subsequent examinations of the patients.
To evaluate the performance of the CAD tool, we compared each label to manual readings of each examination. Manual readings were done by two trained observers to determine if LE was present in any image of the examination. To reduce variability, both observers viewed the data at the same time. The differentiation criteria required that LE have higher signal intensity than the adjacent cortical GM. To evaluate the reproducibility of this manual reading, we randomly repeated 50 examinations and measured the agreement using a Kappa index. The overall agreement between the CAD tool and the consensus reading of the two trained observers was 84.1% (535/636); agreement in the training set was 84.2% (170/202); and that in the testing set was 84.1% (365/434).
These results suggest that the CAD tool can objectively and reproducibly detect subtle therapy-induced LE in young children. Unfortunately, because the CAD tool is based on signal intensity differences, variations in magnets, coils, and sequences require that individual CAD tools be established for each institution and imaging protocol. A more generalizable processing and decision model is still needed.
Segmenting normal and abnormal tissue volumes
The MR imaging characteristics of LE are similar to those of other diseases (e.g., multiple sclerosis, MS) or processes (e.g., aging) that cause WM hyperintensities. Several modifications to existing methods have been recently reported for quantitative analyses of WM hyperintensities. Region-growing techniques with a variety of automated and semiautomated stopping criteria have been utilized [39] [40] [41] . These techniques are limited by multiple factors: the degree of local intensity contrast necessary between the lesion and surrounding tissues; the single-imaging type, and the much higher level of operator expertise required for subjective selection of each lesion on every slice of the imaging set.
Ashton et al. [39] analyzed multispectral data with a model-based method to identify lesions in patients with MS. Their technique made assumptions about the model and possible variance in the model. Other groups have recently reported modifications to the k-nearest neighbor technique to improve lesion identification and localization in geriatric populations and patients with MS [42] [43] [44] . The k-nearest neighbor technique is sensitive to intensity inhomogeneities and relies on either assumptions of intensity distributions or subjective samples to define the distributions. Wei et al. [42] found that the addition of template-driven segmentation to the expectation-maximization segmentation and partial volume correction algorithms significantly improved the accuracy and reliability of WM signal abnormality measures.
Encouraged by the success of Wei et al., we recently examined whether the previously reported method for quantitatively assessing LE in patients with ALL could be improved [45] . We analyzed multispectral MR images from 15 children treated for ALL and compared three different analysis techniques to examine improvements in the segmentation accuracy of LE versus manual tracings by two experienced observers. The original technique used a WM mask based on the segmentation of the first serial examination of each patient and not on a priori information [46] . The first modified technique combined spatially normalized a priori maps as input and a two-dimensional gradient-magnitude threshold and the second used a threedimensional threshold. MR images were segmented with a Kohonen SOM for all three algorithms. Kappa values were compared for the three techniques to each observer, and statistically significant improvements were seen between the original and third algorithms (observer 1 0.651, 0.744, P=0.015; observer 2 0.603, 0.699, P=0.024). While the new WM mask and two-dimensional gradient-magnitude threshold improved the results, the best results were seen when the gradient magnitude threshold was modified to three dimensions. The results of this type of quantitative morphometric processing are shown in Fig. 3 .
A possible error source in using these new algorithms is the selection of an adult atlas. Although Wilke et al. reported errors in using adult atlases to evaluate pediatric cases [47] , the threshold values that were empirically determined to create the WM mask may have corrected some of the errors. Another potential concern with this newly proposed algorithm lies in its ability to perform spatial normalization. Misalignment of the a priori maps could translate into misclassifications. We performed spatial normalization with the Statistical Parametric Mapping (SPM) 2 software (Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK). As with any image processing that uses a registration-based technique, this error must be minimized to ensure quality data and quantitative results.
Another more recent form of nonlinear registration of local deformations has been achieved using a free-form deformation (FFD) based on B-spline interpolation [48] . The deformation field is determined by the displacements specified on these control points, and the displacements off the control points are interpolated based on the neighborhood control points using B-splines. The resolution of a control lattice specifies the degrees of freedom. A control lattice with small spacing allows modeling of highly local deformation such as ventricles in a patient with hydrocephalus. However, increasing the degrees of freedom not only improves flexibility but also increases the computational complexity. A hierarchical multiresolution approach was employed to achieve a good trade-off between spatial normalization accuracy and the associated computational cost. To constrain the FFD transform, Wahba introduced a penalty term to regularize the transform [49] . Our experience with the FFD approach to nonlinear registration of patients treated for posterior fossa brain tumors has shown that removing extrameningeal tissues, cerebellum and brain stem from the images before registration allows better registration of the cerebrum [50] .
Prevalence of leukoencephalopathy
In a recent quantitative MR study, we examined the longitudinal prevalence of LE in children treated for ALL on a single institutional protocol, which included seven courses of IV-MTX and multiple-agent IT therapy with MTX, hydrocortisone, and cytarabine, but no irradiation [51] . Due to both the limited sample size and the consistency of IT therapy and steroids across all subjects, these factors were not considered influential covariates in this study. Instead, we assessed sex, MTX dose, and age at diagnosis as possible risk factors affecting the prevalence of LE. LE was detected using an objective, quantitative MR imaging approach. The prevalence of LE in this study was then compared and contrasted with that found in previous studies to objectively assess the influence of risk factors on the temporal pattern of LE in patients who were treated for ALL but did not receive irradiation.
Consecutive patients who were at least 1 year of age and had enrolled on our institutional ALL treatment protocol between 30 July 30 1998 and 30 August 30 1999 were eligible for the study. Because the study was designed to assess the longitudinal prevalence of LE in otherwise normal-appearing brains, patients with other neurologic complications such as thrombosis were not eligible. Altogether, 45 patients were eligible for this study: 21 male and 24 female, aged 1.5 to 18.6 years at diagnosis (median 5.4 years). Quantitative preprocessing and MR image analysis were performed for CAD of LE.
Increasing exposure corresponding to more courses and higher doses of IV-MTX was associated with an increased prevalence of LE. Patients in the standard-and high-risk ALL groups received twice the dose of IV-MTX and had a higher risk of LE than those in the low-risk ALL group. However, even patients in the low-risk group had a 67% probability of LE after seven courses. All of the patient groups demonstrated a significant increase in the prevalence of LE after four courses of IV-MTX, and the prevalence in the standard-and high-risk groups increased further with the additional three courses of IV-MTX. However, the prevalence of LE reduced by almost half during the period between the completion of IV-MTX and the end of therapy for both patient groups. This finding suggested that LE is mostly transient, and its prevalence may continue to decrease with longer follow-up. Although the magnitude of results in this study may be specific to this treatment protocol, the transient longitudinal pattern and the effect of covariates (predictors) should hold in other studies using IV-MTX to treat children with ALL.
Prevalence of LE in our study can be compared and contrasted with that seen in previous studies of patients treated for ALL with IV-MTX and IT-MTX prophylaxis under the constraint that the systemic therapy regimens are not identical. Both Wilson et al. [25] and Chu et al. [18] reported no prevalence of LE at the beginning of consolidation therapy 8 weeks after diagnosis of ALL, whereas we observed a 16% prevalence [51] . The regions Fig. 3 T2-weighted and FLAIR images from a patient after completion of consolidation therapy for ALL are shown on the left and middle, respectively. The corresponding tissue volume map is shown on the right with the T2 hyperintense regions segmented orange to contrast with the normal-appearing white matter shown in green of LE were subtle and diffuse, and the increased sensitivity in detection of these regions was most likely due to the objective, quantitative approach. The second time point, at the beginning of continuation therapy, demonstrated an overall 59% prevalence, which is almost identical to the 60% reported by Wilson et al. [25] . However, more recent studies by Asato et al. [4] , Paakko et al. [21] , and Chu et al. [18] have shown prevalences of 21% to 38%. The prevalence of LE in our study after all seven courses of IV-MTX at week 37 of continuation therapy was 76%, which was identical to that reported by Mahoney et al. [27] 1 year after diagnosis and was comparable to the prevalence of 52% reported by Wilson et al. [25] also 1 year after diagnosis. None of the earlier studies included data that could be compared with our fourth time point. Although the results at any individual time point in our study were comparable to those from previous studies, ours was the first to use objective quantitative MR measures to assess the longitudinal pattern of LE prevalence.
Extent and intensity of leukoencephalopathy
Building on our previous work, which examined the longitudinal prevalence of LE in 45 children (low-risk, 10 male/12 female, mean age 5.0 years at diagnosis; standard-/ high-risk, 11 male/12 female, mean age 9.2 years at diagnosis) treated for ALL on a single institutional protocol without irradiation, we prospectively and objectively assessed the temporal evolution of LE and its extent and intensity in these same patients using quantitative MR imaging [52] . Assessment for the CAD and quantitation of LE was accomplished using a multispectral Kohonen SOM for tissue segmentation. Each imaging set was registered, and the intensity inhomogeneity on the MR images was corrected using a new implementation of an entropyminimization algorithm [53] . An index section was chosen as a common starting point for the volumetric studies. This single transverse section was at the level of the basal ganglia, included both genu and splenium of the corpus callosum, and generally showed the putamen and the lateral ventricle. Two sections below this level and those up to the apex of the brain were included in the volumetric analyses to create a volume of interest covering most of the supratentorial brain. These sections allowed quantification of both interhemispheric and intrahemispheric WM tracts. They were also highly predictive of the full cerebral WM, GM and CSF volumes in other patient populations [54] .
We quantified the volume of regional brain parenchyma on MR images by using an automated hybrid neural network segmentation and classification method [55] . The resulting classified regions were mapped to a color scheme, and a histogram was then completed for each color to determine the number of pixels. That value was then multiplied by the pixel volume to determine the sampled volume of each tissue type. Robust reliability and validity have been established for these methods, resulting in a predicted variance of approximately 2% in the repeated measures of WM and GM [46] .
Once each examination was segmented, we assessed the extent of LE and the normal-appearing WM volume for all transverse sections, from the apex of the brain to a level 6 mm below the corpus callosum. The proportion of WM affected was defined as the total volume of LE over the combined volume of LE and normal appearing WM. Quantitative T1 and T2 parametric maps were also created. These represented the relaxation times at each voxel in the image. Segmented tissue maps of the corresponding section were used to automatically identify regions of LE and normal-appearing WM. Relative LE intensity was defined as the difference between the mean T1 or T2 of LE and normal appearing WM for the same subject in the same section. Figure 4 demonstrates coregistered segmented tissue maps and quantitative relaxation maps for a child during therapy for ALL.
Increasing exposure corresponding to more courses and higher doses of IV-MTX was associated with increased intensity and extent of LE. The proportion of WM affected in both low-risk and standard-/high-risk patients increased significantly with additional courses of IV-MTX (P<0.01 and P=0.05, respectively); the intensity of LE also increased steadily. However, both the intensity and extent of LE reduced by approximately one-third between the completion of IV-MTX and the last time point for both patient groups. This finding combined with those from previous work suggests that some, but not all, LE is transient and may continue to decrease in prevalence, extent, and intensity with longer follow-up.
Voxel-based analysis
Previous studies have established the prevalence, extent, and intensity of LE in patients treated for ALL without irradiation [51, 52] , but an objective assessment of the regions of WM affected by LE has yet to be performed. In a recent study, we used voxel-based analyses of T2 imaging within the WM of patients after the first and final courses of IV-MTX treatment for ALL to assess which WM tracts were preferentially damaged [56] . After excluding patients with cerebral thrombosis, cortical dysplasia, and large developmental abnormalities, 204 patients (117 male and 87 female) aged 1.2 to 18.9 years (median 5.1 years) were eligible for this study. MR imaging was performed on a 1.5-T whole-body system using the standard circular polarized volume head coil (Siemens Medical Systems, Iselin, N.J.). In each patient, 19 4-mm thick axial T2-/PD-weighted dual spin-echo images (TR/TE1/TE2=3500/17/102 ms, seven echoes) were obtained with a 1-mm gap.
Voxel-based analysis began with the creation of a custom template based on the patient cohort. First, each original image set was registered to a target normal-appearing image set selected from a patient. Registration consisted of a twostep process involving an affine transformation followed by an FFD nonlinear transformation that corrects for global differences in brain shape. With all of the image sets residing in the same stereotactic space, an average image was created. Next, a second registration was performed for each original T2 image set, with the average T2 image as the target using the same approach previously described. A WM mask was created by using SPM2 to segment the average T2 image set. Voxel-wise statistical testing was performed using SPM2. To analyze variance, F-tests were performed to determine which voxels were significantly different between examinations over the entire subject population. A P-value and cluster threshold was specified to limit the analysis only to regions that had significant differences between examinations and had a sufficient number of continuous voxels for analysis. These data were overlaid onto the average T2 image for visualization.
The patient cohort was separated into two age groups (<5 years, n=98, and ≥5 years, n=106) to control for the maturational differences in children. Initial analysis of each group was insensitive to regional changes within the WM and detected differences only at tissue interfaces. Within each group, patients' treatment was stratified by the radiologist's reading of the second examination as normal (70 patients <5 years, and 87≥5 years) or LE (28 patients <5 years, and 19≥5 years). Results from the voxel-based analysis of patients with an abnormal second examination are shown in Fig. 5 for each group of patients. The WM tracts in the frontal lobe were significantly altered in the sets from both younger and older patients. However, patients older than 5 years who exhibited LE also showed a significant change in their posterior WM tracts. Images from subjects who upon the second examination were classified as "normal" were also inspected for both groups and showed differences only at tissue interfaces.
This study identified common areas of T2 changes in the WM among patients who experienced LE associated with treatment for ALL. These changes occurred mainly in the WM tracts of the frontal lobe, which could be the etiology of the cognitive difficulties in this cohort. Additional changes in the posterior WM tracts in older patients may indicate a difference in susceptibility of WM with varying degrees of myelination. Maturation, growth, and organiza- The color bar indicates F-values from statistical analysis with a cluster threshold of 100. Overlay is on the average T2 custom template tion of regional WM, specifically that in the frontal-parietal regions, play an important role in cognitive development [57] . ALL survivors exhibit a consistent pattern of deficits in attention and a long delay in memory recall. Given the locations of the WM abnormalities caused by antileukemic treatment, one might expect additional deficits in executive function to be present. Individualized, more targeted neurocognitive performance studies may further elucidate the effects of LE on the developing brain.
Long-term morphologic changes in white matter volume
While the studies discussed thus far focused on quantitative MR imaging in patients during treatment for ALL, the true impact of therapy on the developing brain may be most evident in survivors. We recently examined ALL survivors treated with either chemotherapy alone or in combination with irradiation [58] . A consistent neurocognitive testing battery was used to evaluate intellect, attention, and academic achievement. WM volumes across a transverse volume of interest encompassing the entire corpus callosum were measured quantitatively and objectively. This study tested the hypothesis that ALL survivors with lower volumes of WM have more severe deficits in attention and learning.
Evaluations of 112 children treated at two institutions were collected. Those included in this study were initially enrolled on one of five institutional treatment protocols for patients with ALL. Patients received multiple courses of IV-MTX and multiple doses of IT therapy with MTX, hydrocortisone, and cytarabine. ALL survivors were grouped on the basis of the intensity of therapy they received, i.e. whether the patients did (n=28) or did not (n=84) receive cranial irradiation (18 Gy) in addition to chemotherapy. Only one patient had intracranial calcifications. A group of 33 healthy sibling controls 6 to 16 years old was also recruited and imaged for volumetric measures of WM, GM and CSF across the volume of interest without sedation or administration of contrast agent.
Most neurocognitive performance measures demonstrated significant deficits from normative test scores, but only the attention measures exceeded one standard deviation from normal. Measures of academic achievement differed between the two patient groups, and deficits exceeding one standard deviation from normal were seen only in patients who received irradiation. Patients treated with chemotherapy alone had significantly greater volumes of WM than those who received chemotherapy and irradiation (P=0.02), but WM volumes were still significantly smaller than those of age-and sex-matched healthy sibling controls (P=0.03). Moreover, smaller WM volumes corresponded to larger deficits in attention, intelligence, and academic achievement.
CNS toxicity attributed to treatment for ALL has been well studied. Adverse effects of therapy have been observed both after chemotherapy only and after chemotherapy combined with cranial irradiation [29] . Previous studies have recognized WM changes in survivors [23, 29] , and metabolic changes during antileukemic therapy have been detected with 1 H MR spectroscopy [18] . However, most conventional MR imaging studies evaluated these changes based on visual inspection of the image intensity. These studies found only a small prevalence of MR intensity abnormalities, and no correlation between neuropsychological functioning and these changes [23] . In contrast, we quantitatively evaluated WM volumes and found a significant deficit compared to age-and sex-matched controls [58] . Furthermore, we found strong correlations between the quantitative WM volumes and most neurocognitive performance measurements (attentiveness and spelling were the two exceptions), suggesting that WM volume represents a sensitive measure of neurotoxicity.
Both groups of ALL survivors demonstrated clinically significant impairment of omissions and risk-taking, two functional domains of attention. This finding is consistent with a previous study by Paakko et al. [23] . The D′ (attentiveness) measure demonstrated some slight inattentiveness, which was not considered clinically significant and was only weakly correlated with WM volumes. Generally, attentiveness measures reflect the subject's ability to distinguish an object; omissions and risk-taking measures reflect the subject's ability or speed of reacting to an object. Therefore, these results showed that ALL survivors have deficits in reacting to objects rather than distinguishing objects. This finding is consistent with a recent report by Mennes et al. who found that ALL survivors treated with chemotherapy alone process information more slowly than do healthy controls, especially when more information has to be processed or when attention has to be focused precisely [59] .
Object vision is received in the visual cortex and supported by parallel ventral pathways that convey information to the parietal and inferior temporal cortical areas. Retrieval of information requires recruitment of stored information into a special short-term store called "working memory," which is located in the prefrontal cortex [60] . The impaired ability to react to an object suggests that these survivors have deficits in conveying information, especially between lobes. This hypothesis is further supported by the strong relationships between WM volume and omission and risk-taking measures. Transient hyperintensities observed during antileukemia therapy extend from the frontal, temporal, and occipital lobes to the subcortical nuclei and superior longitudinal fasciculus. These areas of hyperintensity may be precursors of later deficits in conveying information between lobes. Atypical WM volume develop-ment in these ALL survivors suggests that even transient hyperintensities seen during therapy can lead to permanent subtle WM volume changes, which would be very difficult to recognize by visual inspection.
Cranial irradiation played a significant role in treatmentrelated changes in WM volumes and academic achievement but not in attention or intellect. Measures of academic achievement in patients who underwent irradiation were significantly lower (P<0.01) than normative means. Both WM volume and academic achievement measures in patients treated with radiation were significantly lower than those in patients who did not receive radiation. However, there was no significant difference in attention measures between the two patient groups. These results suggest that patients treated with chemotherapy alone experience less WM damage and are better able to compensate intellectually and academically for their attention deficits. Patients treated with cranial radiation had more severe impairment of WM volume development and were unable to compensate, resulting in more significant deficits in learning.
Cerebral perfusion studies
Perfusion quantification using MR imaging can be divided into two categories: those that employ exogenous tracer agents and those that use water protons in arterial blood as an endogenous label. The current approach to imaging examinations of asymptomatic children during therapy for ALL is to rarely administer contrast agent; therefore, the latter perfusion technique is preferable. Magnetized water molecules in arterial blood are labeled by changing their state of longitudinal magnetization by using tagging prepulses [61] [62] [63] . This method is called arterial spin labeling (ASL) and can be accomplished with either pulsed or continuous labeling as demonstrated in Fig. 6 .
Very few clinical studies have assessed cerebral perfusion in patients during and after therapy for leukemia. In one early study of 25 children treated for ALL (13 cranial irradiation, 12 IV-MTX and IT-MTX only), Harila-Saari et al. [64] performed brain single photon emission CT (SPECT), cerebral MR imaging, and neurologic and neurocognitive assessments at the completion of therapy. Of the 12 patients, 8 (75%) who did not undergo irradiation had brain perfusion deficits on SPECT images. Only one patient exhibited WM changes on conventional MR imaging, but no previous MR examinations done during therapy were available. Impairment of neurocognitive functioning was found in 86% of patients studied, but no significant differences were seen between patients who had deficits and those who did not. However, only intelligence tests were used for this assessment. Another small study around the same time, used SPECT to evaluate six patients during treatment for leukemia; all six showed deficits [65] . This finding was supported by data from a slightly larger study in which 9 of 12 patients (75%) showed cerebral perfusion deficits during antileukemia therapy [66] .
A more recent study by Paakko et al. [67] compared perfusion MR imaging and SPECT in 19 patients treated for ALL (9 patients were at the end of therapy, and 10 were 4-8 years after therapy). Only 17 of the patients had SPECT examinations. SPECT perfusion deficits were detected in five of ten patients whose antileukemia therapy did not include cranial irradiation (two were imaged at the end of therapy, and three were imaged years after therapy). Four of the five patients were younger than 5 years at diagnosis. Visual inspection and region-of-interest analysis of relative cerebral blood flow and volume on the perfusion MR images did not detect the deficits. However, this type of processing and quantitative analysis of the perfusion MR imaging are prone to variance within and between observers which may reduce the sensitivity in detecting differences. Furthermore, the variance in location of the deficits may make voxel-based population studies more difficult and thus require a larger sample size. Another limitation to many quantitative MR perfusion methods is the assumption that the blood-brain barrier is intact and that contrast agent is restricted to the vasculature. Methods have been recently developed to account for the possible accumulation of contrast agent within the extracellular/ extravascular space as well as the vascular compartment [68] . Although SPECT deficits have not been directly correlated with WM hyperintensities, they may share an underlying vascular pathophysiology that could potentially be measured with more advanced MR approaches (e.g., pulsed or continuous ASL). These approaches would allow Fig. 6 A segmented tissue map from a normal-appearing examination from a patient with sickle cell disease is shown on the left. The image on the right is a quantitative arterial spin labeling map of cerebral blood flow at this same level. This technique assesses blood flow without the use of contrast medium and could potentially be advantageous for evaluation of patients treated for ALL less-invasive longitudinal assessment of cerebral perfusion changes during antileukemia therapy.
Magnetic resonance diffusion imaging studies
Two types of MR diffusion imaging are used to evaluate patients treated for ALL, diffusion-weighted and diffusion tensor imaging (DTI). Diffusion-weighted imaging provides a subjective measure of diffusion that is extensively used to evaluate ischemic events. DTI acquires a set of diffusion images in six or more directions and uses them to fully define a diffusion tensor for each point in the image [69] [70] [71] . Once the tensors have been calculated, eigen values can be derived and used to calculate apparent diffusion coefficient (ADC), perpendicular and parallel diffusion coefficients (D ⊥ , D ‖ ), and fractional anisotropy (FA) maps for the whole brain, as demonstrated for a representative section in Fig. 7 . The ADC measures the average diffusion distance in a region that reflects the extracellular/intracellular volume ratio and is extremely sensitive to acute ischemia. The D ‖ measure reflects the relative diffusion distance for water along the fiber tract. The FA and D ⊥ measures quantify the directional organization of a region and reflect the myelin integrity. These parametric maps can be analyzed using publicly available software packages such as SPM.
Diffusion-weighted studies were first used clinically to evaluate acute neurotoxicity in patients being treated with IT-MTX for ALL. Ziereisen et al. [72] showed that at the end of therapy in 90 patients treated with MTX for ALL or non-B malignant non-Hodgkin lymphoma, 15 (17%) had T2 hyperintensities of whom 6 were symptomatic for acute LE, and 9 were asymptomatic. Interestingly, the spatial distribution of the hyperintensities differed in the two groups: asymptomatic subjects had localized, deep periventricular WM changes, and symptomatic subjects had hyperintensities in the supratentorial cortex, cerebellar cortex, cortical and subcortical WM, and thalamus. Unfortunately, diffusion-weighted imaging was available in only one subject who demonstrated restricted diffusion in the area of T2 hyperintensity. The neurologic symptoms resolved in 1 to 10 days, but the imaging abnormalities resolved gradually over 7 months. Maeda et al. [73] have reported case studies showing abnormal WM intensities as much as 3 years after the onset of neurologic symptoms.
Acute MTX neurotoxicity during treatment for ALL has been reported in several studies ranging from single case reports [74, 75] to small studies of four to six subjects [76] [77] [78] . The combined findings from these studies form a compelling consensus that associates IT-MTX with acute neurotoxicity, which arises 6 to 11 days after treatment. The symptoms are concurrent with restricted diffusion on MR diffusion imaging and usually resolve in 1 to 7 days without intervention. T2-weighted and FLAIR imaging are often normal at onset, but hyperintensities appear later, often at or near the site of the restricted diffusion. However, the T2 hyperintensities do not always conform to the same WM that demonstrated the restricted diffusion [76] . MR diffusion imaging returns to normal shortly after the neurologic symptoms resolve but may later demonstrate increased diffusion at the site of the T2 hyperintensities as demonstrated in the patient shown in Fig. 8 . Because the restricted diffusion lesions often exceed the confines of adjacent vascular territories, this pattern of acute neurotoxicity may reflect cytotoxic edema, suggesting a reversible metabolic derangement rather than ischemia [78] . Although neurologic symptoms have been consistently associated with restricted diffusion, not all patients in every study have demonstrated imaging changes. In one study, 13 of 28 subjects who underwent MR imaging at or immediately after a neurologic event showed normal MR imaging, including diffusion-weighted imaging [77] . Unfortunately, the exact timing between onset of symptoms and MR imaging changes is not known, and these patients may have demonstrated changes later.
The use of DTI in asymptomatic patients during or after treatment for ALL is a more recent development. Khong et al. [79] prospectively tested the association of FA and intelligence quotient (IQ) in 18 ALL survivors and agematched healthy controls. Among the ALL survivors, nine received MTX and nine underwent cranial irradiation. The FA in the WM of ALL survivors was often lower than that in the age-matched controls, and the differential between the FA in patients relative to that in controls was directly proportional to the full-scale, performance, and verbal IQ scores of the survivors. These preliminary findings suggest that WM FA is a clinically useful biomarker for the assessment of treatment-related aberrant brain maturation.
The advent of more refined DTI techniques at higher field strengths has provided a unique opportunity to more carefully examine the impact of therapy for ALL on the normal developing brain. SPM and histogram analysis [80] have been used in clinical applications to provide more sensitive global measures of change in WM integrity [79] . Newer methods such as the Reproducible Objective Quantification Scheme (ROQS) [81] focus on specific WM structures that can be used to investigate those structures most often affected by antileukemia therapy.
Neurocognitive impact of antileukemia therapy
Historically, the association between LE and neurocognitive deficits has been a matter of controversy. Measurements of LE usually consisted of detection and sometimes subjective grading of the extent. The developing brain may be more susceptible to damage because newly synthesized myelin has higher metabolic activity and lower stability, which makes it more vulnerable to the toxic effects of therapy [23] . The location, extent, and intensity of LE may have a direct impact on the maturation of WM in specific regions. Disruption of the normal maturation of WM by even transient LE may result in lower volumes of WM with decreased integrity of the myelin compared to age-matched healthy peers. Cognitive deficits may be related to the total volume of WM, and region-specific thresholds may need to be surpassed before deficits become evident [82] . Both IV-MTX and IT-MTX are associated with demyelination, loss of oligodendroglia, and atrophy of the deep cerebral WM. Rollins et al. [76] reported that acute neurotoxicity was closely associated with IT-MTX treatment in five subjects. However, Kishi et al. [83] failed to show an association between IV-MTX and acute neurologic toxicity. Both of these findings are consistent with our own experience in which acute neurologic toxicity is most often associated with IT-MTX, and chronic neurotoxicity such as decreased cognitive functioning is more likely associated with IV-MTX and LE. Montour-Proulx et al. [84] found that children treated with chemotherapy alone on the POG9605 protocol experienced substantial adverse effects on intelligence and memory functioning: 78% of 23 subjects showed LE on at least one MR image.
Subtle cognitive deficits have been observed in as many as 60% of patients with ALL and are one of the most serious long-term adverse effects associated with MTX therapy [13, 25, 26, 31, 85, 86] . Children treated for ALL with moderate-dose IV-or IT-MTX have shown declines in IQ scores comparable to those seen in children treated with low-dose cranial irradiation [17] . Brown et al. [85] found specific attention and learning problems in children with ALL treated with chemotherapy alone. This result is consistent with the findings of Copeland et al. [86] who later showed that patients with ALL who received higher cumulative doses of IV-MTX (17 g vs. 3 g) scored significantly lower on memory-domain tests. In a study of 25 patients, Wilson et al. [25] found that 60% of the children showed neuropsychologic deficits.
The emerging consensus is that the substantial decline in IQ and academic achievement observed in childhood cancer survivors is the result of one or more cognitiveprocessing deficits involving attention, short-term memory, speed of processing, visuomotor coordination, or sequencing abilities [16, [87] [88] [89] [90] . Some of the most convincing evidence for these specific deficits has come from the work of Brouwers et al. [16, 91] , who conducted two studies using both neuropsychologic testing and CT or MR neuroimaging to evaluate long-term survivors of childhood ALL treated with chemotherapy and cranial irradiation. When combined, the data from these studies demonstrated three primary results: first, problems with reaction time, shifting of attention, and sustained attention are common among childhood ALL survivors; second, children with more severe CNS lesions (i.e. intracerebral calcifications) have the greatest deficits on these tasks; and third, problems with attention are significantly correlated with problems in higher-order cognitive processes such as memory and learning tasks. These results suggest that attention problems provide the underlying basis for difficulties with more complex cognitive tasks and academic achievement.
Hertzberg et al. [22] from the German Late Effects Group reported similar findings from a much larger sample of ALL survivors. They showed that children surviving ALL achieved low scores on the Freedom from Distractibility Factor on the Wechsler Scales and demonstrated low abilities in arithmetic computation and mental concentration. All of these deficits were correlated with imaging abnormalities. Other studies of ALL survivors have found specific deficits in measures of reaction time, processing speed, attention, concentration, and memory that cannot be explained solely on the basis of generally lowered intellectual ability [88, 92, 93] . The attention ability most affected in survivors of ALL appears to be sustained attention, which is defined as the ability to maintain a consistent state of behavioral vigilance and persistence for an extended period.
Nathan et al. [94] studied neurocognitive function in ALL survivors who were not treated with cranial irradiation and demonstrated that very high-dose MTX does not have the same long-term affect on intelligence that is often associated with cranial irradiation. These findings were verified in a recent longitudinal, prospective, siblingcontroled study by Jansen et al. [95] which found no significant decline in intelligence during therapy but did observe a small relative decline in performance IQ in young children. While elimination of cranial irradiation has led to a reduction in neuropsychologic sequelae, age-and sexrelated differences still exist as demonstrated by von der Weid et al. [96] . One of the most extensive studies of longterm neurocognitive outcomes in children whose treatment for ALL did not include cranial irradiation was recently conducted by Spiegler et al. [97] . They reported that survivors scored near the population mean on 17 of 18 measures of intelligence, academic achievement, attention, and memory. No differences were detected on any neurocognitive measure between patients treated on different doses of MTX. This study was discussed in the context of the reports by Buizer et al. [98, 99] who identified subtle deficits in attention and visuomotor control in ALL survivors who received higher doses of IV-MTX. ALL survivors also have more behavioral and educational problems [100] . One possible explanation for a lack of difference in neurocognitive function between patients treated with different doses of MTX is differences in the dosages of leucovorin rescue, i.e. patients who received higher IV-MTX also received higher initial leucovorin doses. However, other results have suggested that high doses of leucovorin increase the risk of relapse [101] .
The association between MR-diagnosed LE and cognitive deficits is not well established. Wilson et al. [25] subjectively graded MR images and detected transient WM abnormalities in 16 of 25 (65%) patients during consolidation therapy. These researchers defined psychological deficits as "any score more than one standard deviation below the population mean". This type of cross-sectional analysis ignores the patients' neurocognitive performance before therapy. However, although LE and neuropsychological deficits were more prevalent in patients younger than 5 years, no correlation was detected between the imaging findings and the neuropsychological findings. Additional small studies by Bakke et al. [26] and Kingma et al. [24] were also unable to detect a correlation between MR abnormalities and neuropsychological deficits. Both of these studies used subjective scoring of the MR examinations and cross-sectional analysis of the patients with respect to the normal population regardless of initial performance before therapy. The inability of these studies to detect a significant correlation may be due to small patient samples, the variance in subjective grading of the MR studies, cross-sectional analysis of neuropsychological deficits, or all three factors. Nevertheless, these results prompted a letter by Bleyer [102] , in which he cautioned researchers not to overestimate the clinical significance of MR findings of LE until a relationship between the MR abnormalities and neuropsychological deficits could be determined. This relationship is still under investigation with more objective quantitative measures of LE and more targeted neurocognitive testing to more sensitively assess the impact of treatment for childhood leukemia on measures of attention, working memory, and executive functioning.
Summary and future directions
We have reviewed the rationale for continued quantitative morphologic evaluation of MR imaging in patients treated for childhood ALL including a review of the pathophysiology caused by some of the most common chemotherapy agents. We have also summarized the evolution of MR imaging from subjective grading of T2 hyperintensities to more contemporary quantitative MR imaging methods such as automated CAD and tissue segmentation for volumetric studies, tissue relaxation maps, voxel-based analyses, cerebral perfusion and diffusion tensor imaging. These methods have been employed to assess the impact of therapy on the developing brain in children during and after therapy. However, most studies thus far have focused on evaluating the whole brain to characterize global changes. Studies of specific regional or neuroanatomical structures guided by voxel-based analyses should be conducted in conjunction with targeted neurocognitive testing of lower order processes such as attention, working memory, and executive functioning. Diffusion tractography combined with functional MR imaging may further elucidate cortical regions impacted by changes in specific WM tracts.
Correlating these advanced imaging measures with therapy, genetic factors [103] , and sensitive neurocognitive testing of specific domains holds great potential for understanding the impact therapy on individual patients and thus facilitating the design and evaluation of behavioral or pharmacological interventions when needed.
